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INTRODUCTION
In most countries, radon is the dominant contributor among natural radiation sources for the general population. 1) Although radon is chemically inert and electrically uncharged, radon atoms in air can spontaneously decay into other atoms. The radon progeny, the resulting atoms, is electrically charged and can attach themselves to tiny dust particles in indoor air. These dust particles can easily be inhaled and deposited on the lining of the lung. The deposited atoms decay by emitting α-rays, which can disrupt DNA of these lung cells. This DNA damage has the potential to be one of the steps in a chain of events that can lead to cancer.
Many studies of underground miners have consistently demonstrated that exposure to high levels of radon gas and its decay products increase the risk of lung cancer, 2) and the radon progeny are now a well-recognized cause of lung cancer. In addition to being present at high concentration in many underground mines, radon is found in homes and is also present outdoors although the concentration is lower outside. Radon alone has again become a topic of controversy and public health concern because it is a ubiquitous indoor air pollutant to which all persons are exposed. Radon concentration can become high in closed spaces such as underground mines and houses. In addition to the studies of underground miners, numerous case-control studies have been conducted to investigate the risk of lung cancer associated with low levels of radon exposure in residential settings in various countries. Although there are uncertainties in extrapolating the risks of exposure to radon from the studies of miners to assessing risks in the home by a linear nonthreshold model (LNT model), there is good agreement between the risk estimates derived from studies of miners and residential case-control studies. 3, 4) Most of residential case-control studies, however, did not show a significant risk. 5) A lack of statistical power is one of the reasons for the non-significant results. 6) To address this issue, data from major case-control studies have been pooled and reanalyzed using meta-analyses, which showed a significant lung cancer risk with an estimated 10-20% increase per 100 Bq/m 3 .
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However, there are other reasons for these non-significant results in each case-control study.
Spatial and temporal variations in radon concentrations are one of the main sources of uncertainty in radon measurements. 8, 9) The dependence of lung cancer risk on radon concentrations is usually investigated using regression models. When explanatory variables are measured with error in regression models, the estimated regression coefficients are usually biased toward zero. This problem is well known as "attenuation" in statistical literature, and several methods have been proposed to correct this downward bias. [9] [10] [11] [12] 
222
Rn and 220 Rn are the gaseous radioactive decay products of the radium isotopes 226 Ra and 224 Ra respectively, which are contained in all terrestrial materials. In this study, we refer to 222 Rn as radon, and 220 Rn as thoron. The half-life of thoron is relatively short (55.6 s) compared with radon (3.823 d). Therefore, thoron does not have sufficient time to transfer from its site of origin, which is often the wall of our houses, and thoron concentrations far from the wall are generally low. Recently, however, it was shown that the readings of passive radon detectors that do not employ thoron discrimination techniques are affected by thoron. Because the presence of thoron in houses can be another source of uncertainty in radon measurements, the contribution of thoron should be considered for precise evaluation of radon-related lung cancer risk. 13, 14) Passive radon detectors have been used in many studies without consideration of thoron discrimination techniques, suggesting that the radon concentrations were probably overestimated. 5, 7) For dwellings with high radon concentrations, the thoron progeny will not be an important additional source of exposure and dose.
3) The possible effects of thoron on induction of lung cancer are not considered in our simulation study for simplicity. The thoron effect we consider here is an increase in the reading of the radon detectors without using the discrimination techniques. This problem is classified as a part of measurement error problem in statistical literature, and thoron is considered as a possible source of measurement error in these cases. This problem will be discussed in the last part of this paper.
It is known that the effects of measurement error vary depending on various factors, including the statistical distribution of the measurement error, analysis model, and correlation between variables. Therefore, we conducted a simulation study to evaluate the effect of measurement error due to thoron assuming various situations of case-control study. The purpose of this study is to quantify the bias in risk estimates of lung cancer caused by thoron when we use passive radon detectors without thoron discrimination techniques.
METHODS

Simulation setting
In this simulation study, we assumed a case-control study on lung cancer and residential radon. First, we generated hypothetical data on radon and thoron concentrations (Rad i , Ton i ) for i-th subject, which followed log-normal distributions. For the radon concentrations, we set the geometric mean (GM) as 30 (thoron GSD) as default values based on a previous study (Tokonami et al., 2004) . We allowed for radon and thoron concentrations to be correlated on the logarithmic scale, and as for the default value of the correlation coefficient between radon and thoron concentration on the logarithmic scale, we adopted 0.1 based on data from the Shanxi and Shaanxi Provinces.
13)
Using a single passive radon detector, the observed concentration (Obsi) can be expressed by the following equation:
where CFRn and CFTn are the conversion factor for the radon and thoron concentrations (track cm −2 kBq −1 m 3 h), respectively. 13) We assumed that one of the five different passive detectors was used for radon measurements: SSI/NRPB (CFTn ∕CFRn = 0.06/2.2), regular Radopot (CFTn ∕CFRn = 0.10/ 2.62), modified Radopot (CFTn ∕CFRn = 1.32/2.64), Radtrak (CFTn ∕CFRn = 1.88/2.81), and a KfK monitor (CFTn ∕CFRn = 0.70/0.85). 15) We fixed this parameter at 1.88/2.81 as a default value because Radtrak is often used for radon measurements. 16) The simulations were based on 1000 replications. Since the thoron concentration varies greatly according to the distance between the detector and the surface of the wall, the correlation between radon and thoron concentration also varies according to the distance. Although within one study, it is appropriate to assume that the variation of the distance is small because the placement of detectors is often regulated by research protocol. Therefore, we assumed a constant correlation in one set of simulations. We also assumed that radon and thoron concentrations were correlated on a logarithmic scale with the correlation coefficients varying from −0.8 to 0.8. For the probability that i-th subject would develop lung cancer, we assumed the linear odds model and generated a disease status (Di) from the Bernoulli distribution with probability pi: i-th subject develops lung cancer and D i = 0 otherwise. For example, the i-th subject, whose radon concentration is Rad i , has a probability of developing lung cancer of p i obtained from the above equation, and a probability of not developing lung cancer of (1 − p i ). We fixed α at 1/49 (α = 1/49) as a default value, which corresponds to one lung cancer patient out of 50 subjects mainly because of the constraints of computation time.
A β value of 0.001 roughly corresponds to pooled estimates from case-control studies in North America (excess odds ratio 0.11/100 Bq/m 3 ) and Europe (excess odds ratio 0.084/100 Bq/m 3 ). 5, 7) A β value of 0.002 roughly corresponds to the study in China (excess odds ratio 0.19/100 Bq/ m 3 ). 17) We also fixed β at 0.002 as a default value, which roughly corresponded to the result from the study in China.
Then, we generated a sufficient number of subjects to be divided into cases (Di = 1) and controls (Di = 0), and the controls were matched to each case. We did not consider matching variables for simplicity, and matching was conducted sequentially. In the case of 1:2 matching, for example, the 1st and 2nd controls were matched to the 1st case, and the 3rd and 4th controls were matched to the 2nd case, and so on. The number of cases was varied from 250 to 8000. We fixed this parameter at 4000 as a default value from the North American case-control study.
5) The matching ratio also varied from 1:1 to 1:5. We fixed this parameter at 1:2 as a default value because there are several studies in which the number of controls is twice as large as that of the cases.
In the above data generation steps, there are 10 parameters to choose (the number of cases, matching ratio, α, β, radon GM and GSD, thoron GM and GSD, correlation between radon and thoron, CFTn/CFRn). Since the combinations of these parameter values are enormous, we changed one parameter at a time and kept the others fixed at default values. The reasons for selecting the specific default values are given above.
Analysis models
Data analysis was conducted using conditional likelihood regression with a linear non-threshold model for the odds ratio of the form OR(X) = 1 + βX, where X is an explanatory variable and β is the risk coefficient, the excess odds ratio per Bq/m 3 . This is the same analysis model used in the metaanalyses of the case-control studies in North America and Europe.
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The data were analyzed in two ways. One is that the explanatory variable in the model was Radi, the true radon concentration (model 1), and the other is Obsi, the observed radon concentration (model 2).
The simulation results were evaluated in terms of the relative estimate (the estimate divided by the true value), standard error (the SD of the estimates), and 95% coverage probability averaged over 1000 iterations. All analyses were performed using the SAS statistical software package (SAS 9.1.3, SAS Institute Inc., Cary, NC). To execute conditional likelihood regression with a linear model for the odds ratio by SAS, we need to derive the conditional likelihood and maximize this using a procedure that can maximize arbitrary likelihood such as the NLMIXED procedure. The conditional likelihood was derived in a similar way as the usual conditional logistic regression.
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RESULTS
Each row of Table 1 shows the relative estimate, standard error (SE), and coverage probability of the 95% confidence intervals (95% Coverage Prob.) according to the combinations of the parameter values. Focusing on the bias (the difference between the estimate and true value) of the estimate, the change of relative estimates is also presented in Figs. 1-3 for better understanding. Relative estimates were the estimates divided by the true value, and a value of 1 corresponds to the true value, a value of 0.5 corresponds to the underestimation whose magnitude was half of the true value. A relative estimate of 0 corresponds to the apparent disappearance of the radon-related risk due to underestimation.
The results under typical assumptions (indicated in boldface in Table 1 ) showed that thoron interference in radon measurement resulted in a relative estimate of 0.088, i.e., the true radon-related lung cancer risk was about 10 times larger than the estimated value. The SE of the risk estimates from model 2 (SE = 0.204) was smaller than that from model 1 (SE = 0.941), indicating that the uncertainty in radon measurement resulted in an apparent smaller uncertainty in the estimates. While the estimated coverage probabilities of the 95% confidence intervals from model 1 were close to 95% (95% coverage probability = 0.941), model 2 had very poor coverage probabilities (95% coverage probability = 0.000), which indicated that the probability of coverage was far lower than the nominal 95% and that the confidence interval was not valid. Below, we describe the results in view of how the relative estimate, SE, and 95% coverage probability changed as each of the parameter values was varied.
Sample size, matching ratio, baseline risk, and the true radon-related risk
When thoron was discriminated from radon (model 1), the relative estimate approached 1.0 as the sample size increased from 1.651 (case = 250) to 1.005 (case = 8000) (upper curve, Fig. 1a) . In contrast, when radon was contaminated with thoron (model 2), the relative estimate decreased from 0.209 (case = 250) to 0.087 (case = 8000) (lower curve, Fig. 1a ). When the sample size of the cases was 4000 or more, the results from model 1 were almost unbiased. The relative estimates from both models were almost constant, regardless of the matching ratio (Fig. 1b) , baseline risk (Fig. 1c) , and true radon-related risk (Fig. 1d) . The SE decreased in both models 1 and 2 as sample sizes varied from 4.735 and 0.985 (case = 250) to 0.661 and 0.144 (case = 8000). The SE decreased slightly as the matching ratios varied in both models 1 and 2 from 1.089 and 0.237 (ratio = 1:1) to 0.835 and 0.182 (ratio = 1:5), respectively. The SE was almost constant, regardless of the baseline risk. In both models, the SE increased as β increased from 0.761 and 0.189 (β = 0.0005) to 1.787 and 0.254 (β = 0.008), respectively.
The 95% coverage probability approached 0.95 in model 1 from 0.911 (case = 250) to 0.950 (case = 8000), but stepped away from 0.95 in model 2 from 0.470 (case = 250) to 0.000 (case = 8000). The 95% coverage probability was almost constant regardless of the matching ratio, baseline risk, and true radon-related risk.
Radon and thoron distributions (GM and GSD)
In both models 1 and 2, the relative estimate approached 1.0 as radon GM increased from 1.037 and 0.034 (radon GM = 30) to 1.018 and 0.531 (radon GM = 240), respectively (Fig. 2a) . The same tendency was observed when the radon GSD increased in both models from 1.025 and 0.088 (radon GSD = 1.5) to 1.003 and 0.678 (radon GSD = 3.0) (Fig. 2b) . Because thoron concentration was not used in model 1, this variation did not affect the results of model 1. In model 2, the relative estimate moved away from 1.0 as the GM increased from 0.421 (thoron GM = 50) to 0.010 (thoron GM = 600) (Fig. 2c) . The same tendency was observed as thoron GSD increased from 0.288 (thoron GSD = 1.5) to 0.017 (thoron GSD = 3.0) (Fig. 2d) . It is noteworthy that the relative estimate from model 2 strongly depended on the value of the thoron GM and GSD.
In model 1, the SE became smaller as radon GM and GSD increased from 1.642 and 0.941 (radon GM = 30 or GSD = 1.5) to 0.447 and 0.271 (radon GM = 240 or GSD = 3.0), but in model 2 the SE became larger from 0.198 and 0.204 (radon GM = 30 or GSD = 1.5) to 0.273 and 0.214 (radon GM = 240 or GSD = 3.0), respectively. In model 2, the SE became smaller as the thoron GM and GSD increased, from 0.536 and 0.432 (thoron GM = 50 or GSD = 1.5) to 0.050 and 0.075 (thoron GM = 600 or GSD = 3.0), respectively.
In model 1, the 95% coverage probability was almost 0.95 regardless of radon GM, but in model 2 the 95% coverage probability became largest at 240 Bq/m 3 among other values (95% coverage probability = 0.143), but still far low from 0.95. The same tendency was observed as radon GSD was 3.0 Bq/m 3 (95% coverage probability = 0.176). In model 2, the 95% coverage probability became smaller as the thoron GM and GSD increased from 0.428 and 0.153 (thoron GM = 50 or GSD = 1.5) to 0.000 and 0.000 (thoron GM = 600 or GSD = 3.0), respectively.
Correlation between radon and thoron concentrations
Because thoron concentration was not used in model 1, this variation did not affect the results. In model 2, the relative estimate increased from −0.096 (correlation = −0.8) to 0.190 (correlation = 0.8) (Fig. 3a) . The SE and 95% coverage probability were almost constant.
Detector type (CF TN ∕CF Rn )
This variation did not affect the result of model 1. As expected from the equation of the observed concentration (Obs i in Methods section), the relative estimate, SE, and 95% coverage probability from model 2 approached those of model 1 when the value of CF TN ∕ CF Rn decreased from 0.063, 0.166, and 0.000 (CF TN ∕ CF Rn = 0.70/0.85) to 0.997, 0.928, and 0.944 (CF TN ∕ CF Rn = 0.06/2.2), respectively (Fig.  3b) .
DISCUSSION
Interpretation of results
We conducted a simulation study on the problem of thoron interference in the radon measurement in casecontrol studies. These results confirmed an underestimation of the risk coefficient, suggested by a previous study. 14) Although the magnitude of the underestimation of radonrelated risk varied with changes in parameter conditions, the underestimation was consistently observed as a whole. In general, radon and thoron concentrations follow a lognormal distribution. Since the thoron effect we consider here is an increase of the reading of the radon detectors, the concentration of thoron is regarded as measurement error. Measurement errors that follow normal distributions have been well studied, but there are few studies on measurement errors following non-normal distributions. The downward bias in the estimate was consistent with results from previous studies of measurement error that followed a normal distribution. We confirmed that the effect of log-normal measurement error is consistent with the normal measurement error in this case.
In this simulation study, biased estimates were obtained when thoron was not discriminated from radon even if the sample size was large. In addition to bias, the SE of the model 2 estimates became smaller than that of model 1, although thoron interference contributed to uncertainty in the radon concentration. This is due to the increased variability in the covariate, as known in the context of regression analysis. 19) When the number of cases was large, the magnitude of the bias from model 1 was nearly zero. However, when the number of cases was small, the results from model 1 were overestimated. To examine this, we plotted the distribution of the relative estimate obtained from models 1 and 2 when the number of cases was 500 and 4000, respectively. The plots are presented in Figs. 4 (model 1, cases = 500), 5 (model 2, cases = 500), 6 (model 1, cases = 4000), and 7 (model 2, cases = 4000).
The distribution of the relative estimate from model 1 was Fig. 4 . Distribution of estimates from model 1 (thoron discriminated) with 10000 iterations. The number of cases and controls was 500 and 1000, respectively (other settings were default). skewed when the number of cases was 500 (Fig. 4) . The mode value was not far from the true value of 1, but there were some large outliers. It is suggested that overestimation by model 1 can be explained by the skewed distribution from these simulation studies. However, the sample sizes of actual research are limited. In most case-control studies on radon and lung cancer, the excess odds ratio per 100 Bq/m 3 was in the range of 0-0.5 with several exceptions including the Italian study 20) with an excess odds ratio per 100 Bq/m 3 of 1.4. 17, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] This may reflect a skewed distribution of the estimates when the number of cases is small. In simulation studies, when the number of cases was 4000, the distribution of the estimate from model 1 was approximately normal, and the mean value was 0.002, which was the true radon-related risk (Fig. 6) .
Simulation settings
For correlations between radon and thoron, we adopted 0.1 as the default value in the simulation, based on data from the Shanxi and Shaanxi Provinces. 13) When houses composed of soil and rocks rich in uranium and thorium are compared with houses constructed with less soil and rocks, there is a positive correlation between the radon and thoron concentrations. However, this positive correlation was weakened because a variety of factors affected radon and thoron concentrations. Therefore, in this simulation, a correlation coefficient value of 0.1 was regarded as appropriate and selected as a default value. However, this result was obtained from one study conducted in a specific area and more studies are still required to evaluate the correlation between the radon and thoron concentrations.
The measurement error in statistical literature usually indicates the situation that measurement error increases only the variation of observed variables and the mean values of observed variables are equal to the true variables. But in this case, thoron not only increases variation but also overestimates radon concentrations. To ascertain whether the cause of underestimation is attributed to increased variation or overestimation, we added a constant value to the radon concentration. We used a default value other than thoron concentration, and fixed thoron concentration at 150 Bq/m 3 and 191 Bq/m 3 . These values correspond to the median and mean value of the log-normal distribution with a GM of 150 and GSD of 2, respectively. The relative estimate of model 2 with thoron concentration fixed at 150 Bq/m 3 was 1.40, and that with thoron concentration fixed at 191 Bq/m 3 was 1.58. Contrary to the previous expectation, overestimation of radon concentration caused by thoron resulted in overestimation of radon-related risk in this situation. This suggests that underestimation of radon-related risk was caused by increased variation and not by overestimation of radon concentrations.
Limitations and further study
Because it has been reported that thoron concentration varies greatly depending on the distance from a house wall, airflow, and other conditions, 16) it is difficult to obtain the true radon concentration from the reading of the radon detectors after we complete the measurements by the radon detectors without thoron discrimination techniques. If we could predict the true radon concentration from the observed concentration of radon and thoron mixture, then we can apply various statistical methods, such as regression calibration and simulation extrapolation. [10] [11] [12] Therefore, in studies evaluating the contribution of radon to lung cancer, it is essential to use radon detectors with thoron discrimination techniques.
Because the meta-analyses conducted in Europe and North America did not specify thoron discrimination techniques in the radon detector, it is possible that their radon measurements were affected by cross-sensitivity of the radon detector to thoron. 5, 7) Since these problems with thoron have attracted attention and are now widely recognized, 38, 39) the number of studies in which radon detectors with thoron discrimination techniques are used will increase. Future studies using meta-analysis and radon detectors with thoron discrimination techniques will solve these problems.
The main purpose of this simulation was to evaluate the possible effect of thoron interference on the estimates of radon-related lung cancer risk where radon concentration was measured with and without discrimination of thoron. In epidemiological studies of residential radon and lung cancer, a regression analysis of lung cancer risk on radon concentrations is carried out, and the regression coefficient estimate from the analysis can be interpreted as an increase of lung cancer risk per radon concentration. By comparing this regression coefficient estimate with the estimate by another regression analysis of lung cancer risk on radon concentrations without discriminating thoron, we can evaluate possible bias in the risk estimates due to thoron interference. If we conduct a regression of the both radon and thoron risk on radon concentration, we cannot interpret the regression coefficient as a risk increase per radon concentration because thoron risk has no direct relation with radon concentration. Therefore, we ignore the contribution of thoron to induction of lung cancer in our simulation study. In addition, no epidemiological or experimental findings are available so far for assumptions on the lung cancer risk due to exposures to thoron and its decay products. From dosimetric point of view, radiation doses from thoron and its decay products are generally smaller than those from radon and its decay products in terms of effective dose. For example, the annual effective doses of radon and thoron were estimated to be 1.5 mSv and 0.6 mSv respectively even in a highthoron area. 13) When a detector without discrimination of thoron like "Radtrak" is used, however, the radon concentration is erroneously doubled or higher by the thoron interfer-ence, which would result in a 10-fold lower risk than a true risk. The relative influence of the thoron is much larger in increasing radon concentrations than in increasing the effective dose. Therefore, ignoring the contribution of thoron progeny to lung cancer is justified.
In conclusion, the limitations of radon detectors in residential case-control studies have not well been addressed thus far. Our simulation study suggested that in certain circumstances the radon-related lung cancer risk obtained in past epidemiological studies was underestimated to onetenth of the true risk. In the low dose range, however, large uncertainty still remain in the dose response of radon exposure and lung cancer risk as well as in risk estimates, mainly due to the background noise and relatively smaller increase of the risk. In order to resolve this problem, it is necessary to use passive radon detectors with thoron discrimination techniques in epidemiological studies.
